We investigate MCA of CoFe(011) thin films as a function of strength of strain and film thickness has been studied. It is elucidated that perpendicular magnetocystalline anisotropy (MCA) energy (EMCA) is getting stronger with compressed xy-plane lattice constant while inplane MCA is become an easy-axis by tensile strain on xy-plane. The reason of the EMCA behaviors can be explained by features of electronic structures:
I. INTRODUCTION
Materials in a form of thin films show very different properties from bulk because of the broken symmetry. Neel drew the attention of possible appearance of large magnetocrystalline anisotropy (MCA) of thin films. In addition, the systems with a strong perpendicular MCA energy (EMCA) have potential to be used as high density magnetic recording devices. [1] [2] [3] [4] [5] For these applications, the corresponding materials have to be grown on different substrates.
Due to the mismatch in lattice constants and thermal expansion coefficients between the magnetic material and the substrate, significant amounts of strain would be occurred, depending on the specific growth conditions and substrate materials.
In 1999, extremely large perpendicular magnetic anisotropy (PMA) effect was observed in CoFeB/MgO.
Since that time, a lot of experimental and theoretical research has been progressed to find origin of the large PMA of CoFeB/MgO. Then substrates, interface insertion layer, capping layers and other things are reported that they have an impact on PMA of CoFeB/MgO [6] . First principles density functional theory (DFT) calculations [7, 8] were performed using the Vienna ab initio simulation package (VASP) [9] . We used the spin polarized generalized gradient approximation (GGA) [10] and projector augmented wave (PAW) potentials. 540 eV cut-off energy is used for wave function expansion. For our 2-D unit cell which is taken as rectangular with 1:√2 ratio to describe the [011] plane of bcc structure, k-points sampling of a 16x12x1 mesh with Monkhorst-Pack generation scheme is generated. We adapted 20 Å spacing between adjacent layer to avoid artificial interaction in film calculations. Then we can obtain three kinds of EMCA1:
, where E(011 ̅̅̅̅ ), E(100), E(111) and E(011) correspond to the total energies when the directions of the magnetization are along the where (011 ̅̅̅̅ ), (100), (111) and (011) , respectively.
Functions of EMCA1-EMCA2=E(011)-E(100) and EMCA2-EMCA3=E(100)-E(111)
are energy to reverse magnetization on xy-plane. Convergence of the EMCA was checked with regard to cut off energy and number of k-point.
III. RESULTS AND DISCUSSION
In Fig. 2 For finding clues of the increased EMCA in strained films, we present density of states (DOS) of 2.68 Å and 3.00 Å lattice constant cases in n=2 and 7. n=2 shows different EMCA trend in comparison with thicker films, so we compare n=2 and 7. DOS of lattice constants of 2.68 Å and 3.00 Å are presented in Fig. 3, 4 , respectively.
EMCA can be explained by perturbation theory [12] .
According to perturbation theory, the spin orbit coupling (SOC) interaction between occupied and unoccupied states plays important role in determining EMCA.
EMCA is expressed by where ξ is the SOC strength, ϵo,σ (ϵo,σ') and o <xy↓|Lx|zx↓> coupling which contributes to in-plane MCA appears in compressive strained films. Especially, the film with 10% tensile strain on the xy-plane exhibits perpendicular EMCA more than 1.00 erg/cm 2 for n≥5
